Tumor cells actively produce, release and utilize exosomes to promote tumor growth. Mechanisms through which tumor-derived exosomes subserve the tumor are under intense investigation. These exosomes are information carriers, conveying molecular and genetic messages from tumor cells to normal or other abnormal cells residing at close or distant sites. Tumor-derived exosomes are found in all body fluids. Upon the contact with target cells, they alter phenotypic and functional attributes of recipients, reprogramming them into active contributors to angiogenesis, thrombosis, metastasis and immunosuppression. Exosomes produced by tumors carry cargos that in part mimic contents of parent cells and are of potential interest as non-invasive biomarkers of cancer. Their role in inhibiting the host antitumor responses and in mediating drug resistance is important for cancer therapy. Tumor-derived exosomes may interfere with cancer immunotherapy, but they also could serve as adjuvants and antigenic components of antitumor vaccines. Their biological roles in cancer development or progression as well as cancer therapy suggest that tumor-derived exosomes are critical components of oncogenic transformation.
Introduction
Exosomes are small extracellular vesicles (EVs) produced by all cells and present in all body fluids [1] . Cells release several types of EVs which differ in size and include apoptotic bodies (1,000-5,000nm), intermediate-size microvesicles (MVs, 200-1,000nm) and the smallest, exosomes (30-150nm) [2] . Exosomes are similar in size to viruses. In addition to size, EVs also differ from one another by cellular mechanisms used for their secretion, molecular content and functional properties [3, 4] . Apoptotic bodies represent post-apoptotic remnants of parent cells. Microvesicles (MVs) are formed by "blebbing" or "pinching off" of the cellular membrane in the parent cell and contain parts of the cytosol more or less randomly enclosed in vesicular "blebs." The biogenesis of exosomes which involves the endosomal compartment sets them apart from other EVs, and it suggests a potential role for exosomes in maintaining cellular homeostasis [5] . In fact, when in the 1980s the Stahl's and Johnstone's pioneering work [6, 7] showed that 50nm vesicles were released from maturing reticulocytes carrying and externalizing the transferrin receptor, this process was considered a form of disposing of cellular waste rather than the deliberate re-cycling of the receptor for its future use. It took several decades to replace the image of exosomes as "cellular garbage collectors" with one of exosomes as information conveying vesicles. Today, exosomes are emerging as excellently equipped vehicles for information transfer between cells [8] . As such, exosomes play a critical biological role in cellular interactions and influence a broad variety of cellular activities in health and disease.
In cancer, where the tumor develops to become the main driver of cellular interactions, converting the normal physiological processes to the ones benefiting the tumor, exosomes are likely to play a particularly important role. Horizontal information transfer by exosomes from the tumor to local or distant body sites facilitates tumor growth and metastasis [9] . Exosomes have been dubbed "oncosomes," as they carry oncogenes between tumor and normal cells [10] . They transfer proteins, lipids, and nucleic acids in a functionally-active form and regulate gene expression in recipient cells thus determining their behavior [11] . The exosomal cargo packaged and enclosed inside the exosome membrane is safe from extracellular enzymes and is delivered intact to targeted cells. While it is not yet clear whether exosomes are specifically "addressed" to different recipient cells, and the mechanisms of sorting and packaging of the exosomal cargo are only now emerging [2] , the possibility that exosomes are an integral part of a complex, well-organized intercellular system of communication has to be considered. Exosomes are produced by bacteria, plants and animals, including man, and thus this communication system is evolutionarily conserved [12, 13] . Its ubiquitous existence in unicellular and multicellular organisms suggests that it is indispensable for survival. The biology of tumor-derived exosomes is incompletely understood, and much remains to be done in order to define the molecular and genetic underpinnings of their operation in cancer and other human diseases. This chapter reviews the currently available data to illustrate the mechanisms of cellular cross-talk these exosomes utilize and the consequences of information transfer by exosomes for cancer progression.
Exosome biogenesis in cancer
Exosomes are produced by virtually all normal and pathological cells and are found in all body fluids, including plasma, urine, saliva, amniotic fluids, ascites, cerebrospinal fluid, etc. [2] . Exosomes originate from the multivesicular endosome (MVE) and thus have a different biogenesis than other EVs [2, 14] . It begins with the formation of the endosome by the inward invagination of the cellular plasma membrane. As an early endosome matures into a late endosome, its membrane undergoes a series of inward invaginations which then close and form numerous intraluminal vesicles (Figure 1 ). At this point, the endosome becomes a multivesicular body (MVB) containing multiple vesicles each enclosing a small part of the cytosol, including various proteins and nucleic acids [14] . When MVBs fuse with the plasma membrane, exosomes are released into an extracellular space ( Figure 1 ). Not all MVBs fuse with the plasma membrane to release exosomes; an alternative degradation pathway for the MVB cargo is fusion with the lysosome. In the presence of a high content of ceramides in the membrane-associated lipids, MVBs are spared from lysosomal degradation and tend to fuse with the cell membrane releasing the exosomes [2] . Millions of exosomes are released in this fashion by the tumor parent cell. Each exosome carries an imprint of the parent cell. Its content includes nucleic acids, proteins, enzymes, lipids, cytokines and other soluble factors, which are components of the parent cell [4, 12] . Because of their endosomal origin, exosomes carry components of the endosomal sorting complex required for transport (ESCRT) and various ESCRT-associated molecules [15, 16] . These molecules are often used as exosome markers confirming the endocytic origin of vesicles.
The exosome biogenesis produces exosomes with the molecular profile which partly, but not completely, resembles that of the parental cell and contains components of the endocytic pathway [2, 12, 17] . Exosomes carry the same molecules as MVEs but, as a consequence of intraluminal invagination, with the orientation analogous to that of the parent cell membrane. The membranes of exosomes are enriched in endosome-related membrane transport and fusion proteins, such as Annexins, flotillin or GTPases and lipids such as ceramides, sphingomyelin, and cholesterol [18] [19] [20] . The exosome surface is also decorated with endosome-specific tetraspanins (CD9, CD63, CD81, CD82) [21, 22] as well as the accessory ESCRT pathway proteins, ALIX, TS101 and others [15] . Tetraspanins are organized into membrane microdomains which appear to play an important role in exosome biogenesis [21] . The ESCRT complex represents the machinery for exosome sorting, packaging and transport [23] . It consists of four membrane-bound aggregates of ubiquitinated proteins [15] . Two other ESCRT-independent sorting mechanisms have also been described [15] . The vesicular and membrane content of exosomes does not precisely duplicate that of parent cells, although similarities in the molecular and genetic profile are usually present, and this partial similarity has given rise to the concept of exosomes as putative biomarkers of the tumor. Newer data suggest that the profiles of the exosome cargo may differ substantially from those in parent cells. In one study, the relative quantities of proteins and nucleic acids in exosomes were found to be different from those in the parent cells [23] . Such differences may reflect the existence of a sorting process taking place during packaging of the cellular content into exosomes, although the exact way of how this process is regulated is still unknown. The exosome liberation from the parent cell appears to involve several highly regulated steps: trafficking of MVBs to the plasma membrane, docking, fusion and release. These events require participation of the cytoskeleton (actin and microtubules), associated kinesins and myosins acting as molecular motors, Rab GTPases functioning as molecular switches, and a set of molecules driving MVB fusion with the cell membrane, including the SNARE complex [12, 17] .
Other EVs, especially MVs formed by membrane "blebbing" and called ectosomes [14] , might be equally capable of disseminating information from parental to target cells. To date, the distinction made between exosomes and MVs is not entirely clear [14] . The difference in vesicle size is not a reliable defining criterion, as exosomes might aggregate into larger vesicles or MVs can split into smaller vesicles. It is also not clear at present whether exosomes or MVs carry the molecular cargo that is more representative of the parent cell and thus more useful as a potential cancer biomarker. Perhaps because the biogenesis of exosomes is an active, energy-requiring and molecularly-orchestrated process rather than passive "pinching off" from the surface membrane, the general tendency is to think of exosomes as more faithful "representatives" of the parental cell phenotype and genotype. While exosomes are emerging as carriers of potentially useful information about the genetic, molecular and functional characteristics of the cell that secrets them, it is becoming clear that cells differ greatly not only in the quantity but also the quality of exosomes they secrete.
The exosome biogenesis is enhanced in cancer. Notably, tumor cells produce and secrete many more exosomes than normal proliferating cells [24, 25] . Exosome levels in plasma and other body fluids of patients with cancer are frequently elevated [23] . It has been suggested that stress, including hypoxia prevalent in the tumor microenvironment (TME), accounts for this copious exosome secretion by tumor cells [26, 27] . Exosome production and release by tumor cells was also reported to be regulated by the p53 protein which is often aberrantly stimulated in cancer [28] . Heparanase, an enzyme overexpressed in in many tumor cell lines, was recently reported to regulate exosome secretion [29] . The Rap GTPase proteins, especially Rab27a and Rab27b, controlling the secretory pathways are strongly implicated in exosome release [30, 31] . Knock down of Rab proteins has been shown to decrease exosome secretion by tumor cells [31, 32] . To date, the mechanisms tumor cells employ to regulate exosome secretion remain unknown, although emerging insights suggest that several distinct mechanisms may be involved and may depend on the cancer type and its aggressiveness.
Morphology and molecular content of tumor-derived exosomes
Morphology of tumor-derived exosomes can only be determined by electron microscopy (EM), and it is similar to that of all other exosomes. They are spherical membrane-bound vesicles, which often measure less than 50nm in diameter and form aggregates of various sizes. Preparation of tumor-derived exosomes for EM may result in artifacts, such as the frequently-reported doughnut-shaped appearance or smaller than expected sizes which may be due to shrinking during sample processing. Scanning EM or epon-embedded exosome sections provide a more realistic view of the exosomes tumors secrete, as illustrated in Figure 2A . Immuno-EM has confirmed the presence on the surface of tumor-derived exosomes of molecules known to be present on the surface of parent tumor cells [33] .
The molecular cargo tumor-derived exosomes carry is in part derived from the surface of parent tumor cells (Figure 1 ). This molecular signature discriminates among exosomes produced by different tumor cells, and it also distinguishes tumor-derived exosomes from exosomes released by non-malignant cells [34] . Western blots of exosomes isolated from tumor-cell supernatants and exosome fractions obtained from cancer patients' plasma confirm the presence of a broad variety of molecular species associated with different cellular activities. As cancer cells tend to express and utilize various immunosuppressive molecules to blunt anti-tumor immune responses [35] , tumor-derived exosomes are enriched in immunosuppressive proteins, including death receptor ligands such as FasL or TRAIL, check point receptor ligands such as PD-L1, inhibitory cytokines, e.g., IL10 and TGF-β1, as well as prostaglandin E 2 (PGE 2 ) and ectoenzymes engaged in the adenosine pathway, CD39 and D73 [36, 37] (Figure 2B ). However, in addition to this immunosuppressive cargo, tumor-derived exosomes also carry tumor-associated antigens (TAA), co-stimulatory molecules and the MHC components, which enable them to stimulate immune cells and promote anti-tumor responses [38] [39] [40] . This type of molecular profile endows tumor-derived exosomes with a dual capability of mediating either immune suppression or immune stimulation, presumably depending on the microenvironment environment into which they are released by parent cells. This example of exosome capabilities to interact in opposing ways with immune cells and mediate either a loss or a gain of anti-tumor immune responses [40, 41] illustrates the plasticity of exosomal interactions that is likely orchestrated by the tumor and that has led to a major controversy concerning the role of tumor-derived exosomes in cancer. Although the current evidence suggests that the immunostimulatory or immunoinhibitory functions of exosomes released by tumor cells might be variable, depending on the cargo they transport and the functional status of immune cells in the TME, it has been difficult to reconcile these two opposing aspects of exosome functionality. The reasonable conclusion is that tumor-derived exosomes can simultaneously impact a large number of functions in recipient cells and that the composition of their cargo and the ability of recipient cells to accept or reject the transported signals determines outcome.
Communication of tumor-derived exosomes with their cell targets
Before tumor-derived exosomes can transfer information they carry from tumor to other malignant or normal cells, they have to ensure its delivery [8, 11] . In fact, exosomes are admirably equipped to serve as communication vehicles. Their surface is decorated by the parent cell-derived signaling molecules and their intra-vesicular content includes DNA, mRNA, micro RNA as well as enzymes and soluble factors, all biologically active and capable of executing functional responses in target cells and re-programing activities of these cells [19] . Exosomes interact with target cells utilizing one or more of the following mechanisms: (a) direct signaling via surface molecules to activate intracellular signaling pathways; (b) fusion with the target cell membrane followed by transfer of proteins or genes the cell lumen; (c) phagocytosis of opsonized exosomes and their internalization; (d) receptor-mediated endocytosis [42] . The exosome-delivered cargo taken up by phagocytosis or endocytosis may be either directed to the lysosomes for degradation and clearance or directly incorporated into the cellular machinery to initiate the re-programming. Figure 3 summarizes the various pathways of exosome uptake by recipient cells and cellular consequences of such uptake.
Biological functions of tumor-derived exosomes
Similar to other exosomes, those produced by tumor cells are involved in a broad variety of cellular functions and participate in physiological as well as pathological events [12] . Exosomes transfer information locally within the TME as well as systemically to distant tissue sites. The latter requires that exosomes migrate or be delivered from the tumor to distant tissues, but since they freely distribute throughout all body fluids they readily access all sites creating a communication network. Cancer cells secrete millions of exosomes in order to re-program their surroundings to tumor-promoting microenvironment. The communication network exosomes create is entirely tumor-driven and designed to promote tumor progression and metastasis, in part by silencing anti-tumor immune responses but also by altering stromal cell responses, supporting new vessel growth or promoting survival of tumor cells (Table 1 ). The ability of tumor-derived exosomes produced by mouse melanoma cells to educate and transform the bone marrow environment into a melanoma-promoting milieu has been elegantly demonstrated by Peinado et al [32] and exosome-mediated alterations of the bone marrow have been shown to interfere with the hematopoietic cell development, differentiation and functions [8, 63] . The role of exosomes in blood coagulation has been extensively investigated [64, 65] . Exosomes can deliver functioning surface receptors or ectoenzymes from one cell to another and thus restore missing functions. Various mRNAs and microRNAs carried by exosomes can be transferred to recipient cells and translated into functional proteins [66] . Most importantly, tumor derived exosomes are called "oncosomes," because of evidence for the presence in their cargo of oncogenes and factors promoting tumor growth [10] . The ability of oncosomes to carry and deliver oncogenic signals to target cells, sustain autocrine growth promoting pathways in parent tumor cells and modify functions of stromal cells in the TME supports the conclusion that tumor-derived exosomes play a critical role in oncogenic transformation [10] . Table 1 illustrates functional imprints of tumor-derived exosomes on recipient cells.
Methods available for studies of tumor-derived exosomes
Most of the molecular studies performed to date used exosomes isolated from supernatants of cultured tumor cells. The methodology for exosome isolation generally involved a series of differential centrifugations of supernatants to remove cell fragments and large EVs followed by ultracentrifugation at 100,000xg for 2-3 h and further purification of exosomes by floating them on a continuous sucrose density gradient [67] . In these supernatants, tumor cells were the only source of exosomes. To study tumor-derived exosomes present in cancer patients' body fluids, it is necessary to separate them from larger EVs and also from exosomes derived from non-malignant cells. This requires the development of methods for the capture of tumor-derived exosomes and their quantitative recovery. Both ultracentrifugation, which tends to aggregate exosomes and sucrose density gradients, which lead to a substantial loss of aggregated vesicles have been recently replaced by sizeexclusion chromatography on small Sepharose 2A columns [33, 68, 69] . This isolation method allows for recovery of exosomes in the void volume fractions and the removal of "contaminating" plasma proteins in late-eluting fractions. The total isolated exosomal fraction can then be used for immunocapture of tumor-derived exosomes and their separation from exosomes produced by non-malignant cells. Because tumor-derived exosomes carry membrane-embedded molecules which mimic those in parent tumor cells [70] , antibodies recognizing tumor-associated antigens (TAA) can be coated on beads and used for exosome capture [71] . Immunocapture of tumor-derived exosomes from plasma of AML patients with CD34+ blasts has been successful in our hands, and it serves as a proof of principle for immune capture of tumor-derived exosomes from body fluids. The captured blast-derived exosomes were morphologically intact by TEM and functionally active, as they were able to down-regulate NKG2D expression in activated normal human natural killer (NK) cells [72] . Methods for immunocapture of tumor-derived exosomes from plasma of patients with solid tumors are being developed. If successful, this strategy will make it possible to study tumor-derived exosomes in parallel with exosomes produced by nonmalignant cells and determine which of the two fractions induces changes in target cells that favor tumor progression. Numerous commercially-developed isolation methods for exosomes are available on the market; however, caution has to be exercised in ascertaining that these methods distinguish exosomes from larger EVs and do not compromise exosome integrity or functions.
Exosomes in the tumor microenvironment
Tumors are known to be able to re-program their milieu into one favoring tumor progression. The mechanisms responsible for this re-programming have not been well understood, although direct transfer of proteins or genes from tumor cells to their neighbors has been considered [73] . Exosomes fit this role well, providing an explanation for information transfer between the tumor and neighboring tissues. Figure 4 summarizes exosome interactions with cells present in the TME.
Tumor stroma
Tumors depend on the stroma for support of their growth. A close relationship is established between the developing tumor and stromal fibroblasts. Cancer-associated fibroblasts (CAFs) have long been known to positively or negatively influence tumor growth, depending on conditions prevailing in the TME [74] . Fibroblasts undergo changes in morphology, protein expression, patterns of growth and the cytokine profile during the tumor progression [74, 75] . Specifically, CAF acquire the characteristics of activated fibroblasts and increase the production of collagen and hyaluronic acid [76] . Cancer-derived exosomes have been shown to induce such changes in fibroblasts through the TGFβ/Smad pathway [57, 77] . Further, CAFs co-incubated with tumor-derived exosomes acquire the capability to transform normal epithelial cells to the pre-malignant phenotype [78] . Changes induced in epithelial cells by these exosomes included immature pleomorphic appearance, aberrant mitosis, loss of polarity altered cell cycle protein expression and increased proliferation. These changes were consistent with the signature of oncogenic transformation in fibroblasts.
Angiogenesis
Tumor growth depends on an access to the host vasculature, so that the tumor can tap into the blood stream. To do so, tumors create their own vascular system by changing the TME from anti-angiogenic to pro-angiogenic milieu (an "angiogenic switch") [79] . Tumor-derived exosomes have been shown to play a role in promoting angiogenesis [79] . Hypoxic conditions in the growing tumor induce malignant cells to increase production of exosomes [26, 27] . The hypoxia-induced exosomes are taken up by normal endothelial cells, where the exosome cargo stimulates new angiotube formation, eventually establishing a network of new blood vessels [80] . When tumor-derived exosomes were fluorescently labeled and coincubated with endothelial cells (ECs), they were shown to move within nanotubular structures connecting the ECs, were internalized and stimulated proliferation as well as angiotube formation [81] . The exosomes induced a loss of E-cadherin and β-catenin from the EC surface and promoted EC motility [81] . Upon their addition to EC-containing Matrigel plugs, which were implanted in vivo, exosomes induced EC proliferation and rapid vascularization of the plugs. These alterations were associated with Src phosphorylation and activation of the downstream Src pathway in HUVEC. Further, pro-angiogenic effects of exosomes were abrogated by the use of a tyrosine kinase inhibitor [81] . It has been reported that upon uptake of tumor-derived exosomes, ECs begin secreting cytokines and growth factors which stimulate pericytes via the PI3 kinase/AKT pathway [59] . The molecular mechanisms that are involved in EC re-programming may be also driven by the EGFR delivered to EC on the exosome surface, which activates ECs to produce VEGF and up-regulate VEGFR2 signaling [82] . Exosomes carrying the tetraspanin 8 induce transcriptional changes in EC, resulting in increased expression of pro-angiogenic genes and increased proliferation of ECs [83] . Some of these exosome-mediated post-transcriptional alterations in ECs were shown to be associated with horizontal transfer of mi-RNAs from tumor to ECs [84, 85] . Exosomes were shown to deliver components of the Notch pathway to ECs, promoting sprouting and branching of the new vessels [85] . These and numerous other experiments convincingly demonstrate that exosomes released by tumor cells directly affect molecular and genetic programs in ECs and thus promote the process of neovascularization.
Effects on immune cells present in the TME
Tumor-infiltrating immune cells are considered to be important anti-tumor effector cells, and accumulations of activated immune cells at tumor sites is taken as a positive prognostic sign in such human solid tumors as, for example, colon carcinoma [86, 87] . Exosomes produced in the TME may stimulate functions of immune cells or suppress their anti-tumor activities. This dual capacity of exosomes to modulate stimulatory or inhibitory immune cell functions is dependent on their cargo and their origin. In early phases of tumor growth, when the host immune system mounts a strong anti-tumor response, activated immune cells are a main source of exosomes in the TME. These exosomes could promote anti-tumor functions of immune cells, especially of dendritic cells (DC) and lymphocytes. On the other hand, in more advanced cancers, expanding tumor cells, which have escaped immune surveillance, produce exosomes which carry an immunosuppressive cargo and become active participants in the tumor escape from the host immune system. Exosome-mediated suppression leads to: (a) inhibition of T-cell proliferation and cytolytic activity of CD8+ effector T cells; (b) inhibition of natural killer (NK) cell anti-tumor functions; and (c) skewing of the differentiation of myeloid progenitor cells and of T lymphocytes toward suppressive phenotypes, including myeloid-derived suppressor cells (MDSC) and regulatory T cells (Treg), respectively.
The effects of tumor-derived exosomes on immune cells can be direct (when signals or cargo delivered by exosomes block the targeted cell functions) or indirect (when exosomes reprogram differentiation program of targeted cells, which then suppress functions of other cells). Together, these effects create an immunoinhibitory microenvironment favoring tumor immune escape. Exosome-mediated dysregulation of lymphocytes results in a partial or complete inhibition of their functions, including signaling via the key receptors such as the T-cell receptor (TCR) or IL-2R, differentiation, cytokine production, proliferation, migration and cytotoxicity [39] . Tumor-derived exosomes induce apoptosis of activated CD8 + effector T cells in vitro and in the circulation of patients with cancer [88] [89] [90] . NK cells are another subset of lymphocytes engaged in elimination of abnormal targets such as tumor or virallyinfected cells. NK cells are highly vulnerable to inhibition by exosomes carrying NKG2D ligands (MICA, MICB and ULBP), as binding of these membrane-bound ligands to the inhibitory receptor, NKG2D, on the surface of NK cells delivers inhibitory signals and blocks anti-tumor cytotoxicity [91, 92] . The inhibitory effects of tumor-derived exosomes are also attributed to the presence in their cargo of transforming growth factor beta 1 (TGFβ1), a cytokine known to suppress NK-cell cytotoxicity [24] . Monocytes interacting with tumor-derived exosomes carrying TGF-β and PGE2 fail to differentiate into antigen-presenting DC and instead are directed to a differentiation pathway generating MDSC [93] . The newly-minted MDSC accumulate and produce numerous immunosuppressive inhibitory factors, including nitric oxide (NO) and reactive oxygen species (ROS), which cause nitration of TcRs or T-cell apoptosis [94, 95] . MDSC consume and cause deprivation of arginine and cysteine, which are required for T-cell activities [94, 95] . With the paucity of DC to present antigens to T cells and the presence of MDSC, the TME becomes strongly immunoinhibitory. Tumor-derived exosomes also induce skewing of CD4 + T lymphocyte differentiation converting conventional CD4 + CD25 neg T cells to CD4+CD25 high FOXP3 + regulatory T cells (Treg). TGFβ1 and IL-10 signaling is critical for this conversion [96] . Treg co-incubated with tumor-derived exosomes up-regulate expression levels of FasL, TGFβ, IL-10, CTLA-4, granzyme B (GrB), perforin and suppressor functions [96, 97] . Immunosuppressive potential of human tumors is maintained by many different mechanisms, and exosomes released by tumor cells play a key role in disseminating immunoinhibitory signals throughout the TME and beyond.
The TME is dominated by the tumor which exerts inhibitory effects on the immune cells accumulating locally and shifts the balance toward immune suppression. Therefore, exosome-mediated immune stimulation presumably represents a relatively small part of the overall anti-tumor immune response mounted by the host. Nevertheless, since the cargo of tumor-derived exosomes contains all of the components necessary for generation for immune responses to TAA [39, 40, 70] , it is expected that these exosomes upon reaching tissue sites in which the microenvironment is favorable can activate immune cells and drive anti-tumor immunity. In effect, immunostimulatory effects of tumor-derived exosomes are likely to be systemic and optimally effective away from the local TME, as discussed below.
Effects on tumor cells
Exosomes represent an effective way of autocrine or paracrine communication between tumor cells. It has been reported that the presence of previously secreted exosomes in the microenvironment inhibits further exosome release, indicating that a negative feedback loop controls the secretory pathway [98] . Tumors also readily take up exosomes [99, 100] , which suggests that a positive feedback loop also exists and may be important for tumor cell functions, as suggested, for example, by the study examining expression and functions of soluble CD171 (L1, an adhesion molecule on the surface of ovarian carcinoma cells) in exosomes [101] . The paracrine interactions involve communication among tumor cells or those between tumor and normal cells. Exosome-mediated transfer of oncogenes and oncogenic signals from one tumor cell to another or from tumor cells to normal cells is well documented in the literature [10, 102] . For example, colon carcinoma cells expressing mutant KRAS release exosomes which carry mutant KRAS and such growth-promoting proteins as EGFR, SRC family kinases and integrins [47] . Exosomes derived from glioblastoma expressing activating EGFRvIII mutation transfer this receptor to glioblastoma cells lacking this mutation and convert the recipient cells to a more malignant EGFRvIIIdependent phenotype [53] . Intercellular transfer of molecules containing oncogenic mutations to normal or malignant recipient cells includes activated oncoproteins, their transcripts, oncogenic DNA sequences and oncogenic micro-RNAs and leads to re-programming of cellular pathways, especially those responsible for growth factor production [53, 80, 102] .
Systemic effects of tumor-derived exosomes
Communication between adjacent cells in multicellular organisms usually consists of exchanges or sharing of cellular fragments via the formation of intercellular junctions, synapses or by trogocytosis, all of which require cellular contact and operate at short distances. In contrast, exosomes represent a unique form of information delivery that operates at short and long distances. Tumor-derived exosomes can transfer signals and convey information from tumors to distant tissues and organs. They are present in the circulation and have ready access to all parts of the body ( Figure 5 ). They carry surface components that enable contact with endothelial cells and facilitate exosome entry into vessels and tissues [80, 82] . But tumor-derived exosomes represent only a fraction of total exosomes present in plasma of patients ( Figure 5 ). This fraction may change in volume depending on tumor progression.
Metastasis
The process of metastasis begins with tumor cells undergoing an epithelial-to-mesenchymal transition (EMT). Tumor cells gain the ability to migrate, to access the blood or lymphatic routes, circulate and establish metastases. These tumor cells now produce exosomes with a distinct molecular profile, which is characterized by the appearance of EMT-associated proteins and molecules needed for migration and invasion, including αvβ6 integrin in exosomes released by prostate cancer [103] , the Wnt pathway components in leukemia-or breast cancer-derived exosomes [46, 63] , and KIT in exosomes produced by gastrointestinal stromal tumors (GIST) [104] . The content of HIFs is increased in these exosomes, as is the content of pro-inflammatory factors [90] . The exosomes produced by tumor cells ready to migrate are equipped to interact with blood vessels, stromal elements and immune cells in order to establish a pre-metastatic niche [105] (Figure 6 ). Melanoma-derived exosomes were shown to accumulate in sentinel lymph nodes, stimulate angiogenesis, re-model extracellular matrix and induce melanoma cells recruitment to the lymph nodes [106] . Peinado and colleagues demonstrated that exosomes derived from highly metastatic murine melanoma cells were able to re-program the bone marrow to a pre-metastatic niche that now supported development of highly invasive melanoma cells. The metastatic burden increased three folds in mice injected with melanoma cells and progenitor cells previously treated with these exosomes compared to untreated controls [32] . The changes that occurred in the bone marrow were associated with the transfer by exosomes of the oncoprotein MET. In numerous recent studies with murine and human tumor-derived exosomes, it has been demonstrated that these exosomes also carry micro-RNA species, transfer them to normal cells and induce changes in genetic and protein profiles which favor metastasis formation [95, 107, 108] . Tumor-derived exosomes have been shown to carry CD39 and CD73, the ectonucleotidases catalyzing adenosine production [37] . Adenosine is a well-known factor that mediates immunosuppression, promotes angiogenesis and drives stromal remodeling [62] , all of which facilitate migration of tumor cells and their entry into lymph nodes ( Figure  7 ). This ability of tumor-derived exosomes to support metastasis may be accomplished by engaging different molecular pathways, and adenosine is but one example of how tumors coopt a factor normally involved in the regulation of inflammation to facilitate metastasis [62] .
Exosomes and drug resistance
Resistance of tumors to radio-and chemotherapy is a serious and so far unsolved problem. One of the clinically undesirable effects of tumor-derived exosomes that merits attention is their ability to horizontally transfer drug resistance [109, 110] . Tumor-derived exosomes contribute to the development of drug resistance by several mechanisms. The initially described functions of exosomes as "garbage shuttles" may be a correct one in respect to drug resistance (Figure 8) . Chemotherapeutic compounds such as cisplatin may be concentrated and removed from the cytosol by exosomes [109] . Alternatively, tumor cells could simply package chemotherapy drugs into exosomes to protect themselves from cytotoxic effects. Drug-resistant tumor cells could transmit resistance to sensitive cells via exosomes creating new pools of resistant tumor cells. It has been shown, for example, that certain micro-RNAs (miR-100, miR-222, miR-30a and miR-17) were when transferred in exosomes from adriamycin-and docetaxel-resistant breast cancer resistant cell lines to sensitive cell lines conferred resistance [97] . In breast carcinoma, exosomes carrying HER2 and produced by HER2+ cell lines or obtained from plasma pf patients with HER2+ tumors scavenge trastuzumab, thus reducing its availability in the circulation [111, 112] . Docetaxel resistance has been studied in prostate cancer, where it was found to be conferred by transfer by exosomes of multidrug resistance protein-1 (MDR-1/P-gp), a P-glycoprotein transporter that is commonly overexpressed in drug-resistant tumors [110] . Cisplatin-resistant ovarian carcinomas produce exosomes which are enriched in other transporter proteins such as MDR-2, ATP-7A, and ATP-7B [109] . More recent studies indicate that drug resistance is, in part, attributable to intercellular transfer by exosomes of miRNA species from drug-resistant to sensitive cancer cells [97] . In vivo studies in melanoma animal models indicated that resistance to cisplatin attributed to exosomes could be effectively reduced by the combined use of proton pump inhibitors (PPI) and low pH [113] . While exosomes are clearly implicated in transferring drug resistance in cancer, a more detailed molecular and genetic profiling will be necessary to corroborate the early studies mentioned above and to identify mechanisms underlying this process.
Exosomes and thrombosis
Patients with an advanced malignancy may suffer from life-threatening hypercoagulation. Tumor-derived exosomes which carry transfer factor (Tf) are strongly implicated in inducing cancer-associated thrombotic events [65] . Overexpression of Tf, also known as clotting factor, is closely associated with tumor progression and metastasis [114] . When cancer cells undergo the EMT, they begin to release exosomes containing elevated levels of Tf. These TF-rich exosomes can be internalized by endothelial cells and induce their rapid conversion to a pro-coagulant phenotype. The presence of large numbers of pro-coagulant vesicles in cancer patients' plasma is a bad prognostic factor [65] . It is not yet clear, however, how transfer of Tf by exosomes and their pro-thrombotic effects contribute to cancer progression and metastasis formation.
Effects on the host immune system
Immunosuppressive or immunostimulatory effects of tumor-derived exosomes are not limited to the TME. Immune cells in the circulation and those in various lymphoid organs are exposed to these exosomes, and in leukemia, where leukemic blasts circulate, blastderived exosomes are enriched in plasma and directly interact with immune cells [24] . In the presence of tumor, interactions of exosomes with immune cells in the periphery result in immune suppression [39] as illustrated in Figure 9 . Functions of immune cells in the periphery are altered upon injection of tumor-derived exosomes, as demonstrated in many in vivo studies in experimental mouse models [115, 116] . These alterations translate into an enhancement of tumor growth and shorter survival [117] . Co-incubation of ex vivo separated human T cells, B cells or NK cells with tumor-derived exosomes leads to a partial or complete loss of anti-tumor functions mediated by the mechanisms identical to those described above for the exosomes in the TME. Accumulations of Treg and MDSC in the blood and/or lymphoid organs of cancer patients are commonly seen and seem to correlate with levels of exosomes in the plasma. The molecular and genetic profiles to circulating tumor-derived exosomes in part reflects those found in tumor cells, and these profiles are being intensively examined as potential approaches to the identification of noninvasive biomarkers of cancer progression [118] .
One of many immunoinhibitory mechanisms representing systemic effects of tumor-derived exosomes is apoptosis of activated CD8+ T effector cells in the circulation of patients with cancer. Nearly all CD8+ T lymphocytes in the circulation of cancer patients, express surface CD95 [90] and many express PD-1 [51] . They are, therefore, susceptible to apoptosis by exosomes carrying the membrane form (42kDa) of FasL [33, 89] or by exosomes carrying PD-L1, respectively. Expression levels of these apoptosis-inducing molecules in exosomes was shown to correlate with the frequency of activated CD8+ T cells sensitive to apoptosis in the circulation of cancer patients. Further, there was a significant correlation between "spontaneous apoptosis" of circulating CD8+ T cells and the disease stage and prognosis [33, 89, 119] . TEX-mediated signals leading to apoptosis of activated CD8+ T cells were associated with early membrane changes (i.e., Annexin V binding) in target cells, caspase 3 cleavage, cytochrome C release from mitochondria, loss of the mitochondrial membrane potential (MMP) and, finally, DNA fragmentation [88] . The PI3K/AKT pathway emerges as the key target of tumor-derived exosomes in activated CD8+ T cells [88, 120] . Recently, PTEN, which regulates PI3K-AKT signaling, was found to be a component of the exosome cargo and to mediate phosphatase activity in recipient cells [121] . Co-incubation of activated CD8+ T cells with tumor-derived exosomes caused dramatic time-dependent AKT dephosphorylation and concomitant down-regulation of the expression levels of the antiapoptotic proteins, Bcl-2, Bcl-xL and MCl-1. At the same time, the pro-apoptotic protein Bax was up-regulated by tumor-derived exosomes [59, 120] . These studies showed that tumor-derived exosomes induce apoptosis of activated CD8+ T cells by engaging the extrinsic and intrinsic apoptosis pathways [120] . The in vitro data are consistent with reports of similar changes in expression of the pro-or anti-apoptotic family members in circulating T cells of patients with cancer [90, 119] .
Systemic effects of tumor-derived exosomes on the host immune system may be stimulatory ( Figure 7) . Their immunostimulatory effects of tumor-derived exosomes have been examined in a great detail because of the discovery that tumor-associated antigens (TAA), MHC molecules, chaperones, such as heat shock proteins HSP-70 and HSP-90, were present in the exosome cargo [39, 122] . In view of a ready up-take of these exosomes by DC, it was expected that processing of their cargo by the antigen processing machinery (APM) and presentation to T cells would lead to generation of anti-tumor responses [41] . In fact, exosomes released by tumors and internalized by DC were found to be good a source of TAA in the development of anti-tumor vaccines [123, 124] . Recent vaccination studies in murine tumor models confirmed that effective vaccination using tumor-derived exosomes can lead to the development of strong anti-tumor immunity and tumor rejection [125] ]. Based on these reports, tumor-derived exosomes are being considered as both immune activators and contributors of immunogenic antigens in the design of vaccine adjuvants and therapeutic vaccines, respectively, in human clinical trials [125] .
Tumor-derived exosomes as cancer biomarkers
Tumor-derived exosomes bearing the molecular and genetic cargo, which, at least in part, reflects the composition of tumor cells, are abundant in the blood and other body fluids, including urine [1, 126] . The idea that these exosomes can serve as a "liquid biopsy" allowing for non-invasive analyses of the tumor in real time has generated much attention [127, 128] . The properties of tumor-derived exosomes place them in an ideal position to serve as especially promising surrogates of tumor-derived proteins and transcripts. Various biologically-active molecules they carry reflect the content of parent cells are encapsulated by a membrane which protects the vesicle content from degradation during transit. They represent an enriched source of carefully packaged biomarkers, proteins, lipids, nucleic acids, which would ordinarily constitute a fraction of total proteome or transcriptome of tumor cells. These attributes of tumor-derived exosomes are likely to facilitate cancer diagnosis, prognosis and monitoring of therapeutic responses.
Exosomal protein levels
It appears that even a simple measurement of the protein content of plasma exosomes from cancer patients has a predictive value and has been reported to correlate to the disease stage and outcome [32, 129] . Protein values in exosome fractions are higher in cancer than in normal donors and they appear to increase in patients with advanced disease [24, 32] . Further, not only the total protein levels but also the content of individual proteins in exosomes can provide prognostic information. For example, levels of TGF-β1, a factor known to inhibit activation and functions of natural killer (NK) cells, was found to be significantly elevated in exosomes isolated from plasma of patients with AML [24, 130] and these exosomes were enriched in the biologically-active, mature form of TGF-β1 [130] . AML exosomes isolated before, during or after chemotherapy were shown to contain different levels of active TGF-β1 which effectively down-regulated cytotoxicity mediated by NK cells [130] . These data suggested that TGF-β1 expression levels as well as the maturation state of TGF-β1 carried by exosomes can be directly linked to immune cell suppression commonly seen in patients with AML and to the disease progression. Based on this type of correlative data, interest in molecular profiling of the entire proteome of tumorderived exosomes by mass spectrometry has led to the accumulation of a large volume of proteomics data now available in the database called Vesiclepedia [84] . Although largely based on analyses of all EVs present in supernatants of tumor cell lines, the data indicate that tumor-derived vesicles have a distinct protein signature which is tissue/cell-type specific and can be of potential use in identifying cancer biomarkers for future validation in prospective studies.
Nucleic acids in exosomes
Tumor-derived exosomes carry mRNA and microRNAs (miRNAs) and deliver them to recipient cells [66] . In 2008, Skog and colleagues reported that exosomes derived from clinical glioblastoma samples contained 4700 distinct mRNA species which were selectively packaged for delivery [80] . Hong et al detected over 11,000 distinct mRNAs in exosomes derived from supernatants of SW 480, a colorectal cell line [131] . mRNAs carried by exosomes are known to be involved in in critical cellular activities such as cell cycle regulation, chromosome segregation, proliferation and migration. Skog detected mRNA coding the mutant epidermal growth factor receptor (EGFRvIII) in EVs derived from plasma of patients with glioblastoma [80] . Baran et al identified transcripts for MAGE-1 and HER-2/neu in EVs obtained from plasma of patients with gastric carcinoma [132] . The known prostate cancer mRNA biomarkers PCA-3 and the chimeric fusion oncoprotein TMPRSS2-ERG were detected in urine exosomes [126] . These data suggested that transcripts carried in exosomes from cancer patients' plasma could serve as biomarkers for non-invasive detection of malignant cells. We have studied mRNAs expression levels for 24 immunoregulatory genes in exosomes isolated from paired pre-and post-vaccination plasma samples of glioma patients who received a DC-based anti-tumor vaccine [133] . We observed significant post-vaccine down-regulation in expression levels of four genes, IL-8, TGF-β, TIMP-1 and ZAP-70, all four known to be related in one way or another to clinical outcome in gliomas [133] . The observed changes in levels of these transcripts correlated with immunological and clinical responses to vaccination therapy, suggesting that measurements of mRNA expression levels in plasma exosomes may be useful as surrogates of responses to immune therapies in patients with cancer.
Exosomal miRNAs have recently emerged as especially promising biomarker candidates. miRNAs delivered to recipient cells regulate gene expression by either repressing the translation or causing degradation of multiple mRNAs, depending on the cellular content. The horizontal transfer of miRNA from tumor to recipient cells results in re-programming of their transcriptome and induces functional alterations that impact on tumor progression and metastasis [134] . Accumulating data indicate that miRNA signatures for EVs derived from plasma of patients with different cancer are distinct [135] . However, these signatures do not correspond to those present in the parent tumor cell [136] . This suggests that selection, sorting and packaging of miRNAs into exosomes takes place and that tumor cell determines the content of miRNAs species encapsulated in exosomes. Taylor et al reported that ovarian cancer cells can be reliably distinguished from benign cells by the signature consisting of eight specific miRNAs (miR-21, -141, -200a, -200b, -200c, -203 , -205 and -214) [137, 138] . Similarly, exosomes in plasma of patients with colorectal cancer carried a distinctive miRNA signature [139] . Multiple other studies have shown that exosomes isolated from plasma of patients with different cancers, including glioblastoma [140] , lung cancer [141] , breast carcinoma [142] , have distinct miRNA profiles. Certain miRNA species, e.g., miR-21, were found to be highly expresses in exosomes from plasma of patients with solid tumors such as glioblastoma, ovarian, breast and prostate carcinomas [118] , and miR-21 expression levels correlated with the disease presence, progression and response to therapy [138, 143] . In non-small cell lung cancer, exosomal mi-RNA correlated with disease free survival and overall survival [144] . The accumulating evidence for the unique miRNAs signatures of tumor-derived exosomes in different cancers is promising, but much work is still needed to validate the use of these signatures as cancer biomarkers.
Tumor-derived exosomes and cancer immunotherapy
Immunotherapy of cancer has recently become one of the main anti-cancer therapeutic strategies, especially for patients unresponsive to conventional therapies [145] . Clinical efficacy of immune therapies may be influenced by tumor-derived exosomes. The molecular cargo carried by these exosomes can be either immunostimulatory or immunoinhibitory, and the end result of exosome interactions with the host immune system could lead to a better or worse anti-tumor immune response, respectively. As it is beneficial for the tumor to suppress anti-tumor immunity, the TME is likely to promote immune suppression. To this end, tumorderived exosomes not only participate in blunting anti-tumor immune responses mounted by the host using various mechanisms described above, but they also interfere with and inhibit anti-tumor immune therapies.
Interference with antibody-based therapies
Because tumor-derived exosomes carry TAA, they can efficiently bind and sequester tumorreactive antibodies (Abs) used for immunotherapy and dramatically reduce binding of these Abs to tumor cells. This has been shown for Trastuzumab in breast cancer therapy [111] . HER-2+ exosomes isolated from plasma of patients with breast cancer bound Trastuzumab and were shown to inhibit Trastuzumab-mediated effects on SKBR3 cell proliferation [111] . The Ab sequestration also reduces antibody-dependent cytotoxicity (ADCC) by immune effector cells, one of the major mechanisms of therapeutic activity of anti-cancer Abs [112] . In a model of an aggressive B-cell lymphoma, tumor-derived exosomes were shown to bind and consume complement, thus preventing tumor cells from mediating complementdependent cytolysis [95] . It can also be surmised that TAA+ exosomes lymphocytes (CTL) generated as a result of vaccination therapies or adoptively transferred immune cells to patients with cancer. The available insights into the molecular cargo of tumor-derived exosomes suggest that they are likely to play a critical role not only in regulating anti-tumor activities of immune effector cells but also in protecting tumor cells from immune therapies.
Exosomes and the coagulation cascade in cancer
In body fluids of cancer patients, exosomes are increased in numbers relative to normal individuals, although the majority of these vesicles likely originate not from the tumor but from normal cells, especially platelets, erythrocytes and immune cells. Regardless of their cellular origin, the increased content of exosomes in plasma has been linked to venous thrombotic events (VTEs) which commonly occur in patients with advanced malignancies [65] . Since exosomes carry tissue factor (Tf) and can interact with components of the coagulation cascade [146] , they are prime suspects in contributing to VTEs. Thus, therapeutic removal or reduction of such vesicles is one strategy that is currently being evaluated in clinical trials [44, 147] .
Strategies for relieving exosome-mediated effects
The negative effects of tumor-derived exosomes in cancer call for the development of novel therapies capable of silencing the troublesome exosomes and protecting endogenous or therapy-induced immune cells from suppression/inhibition mediated by these exosomes. There are also good reasons for selective silencing of tumor-derived exosomes which deliver oncogenes promoting cancer progression. Currently, few strategies are available for relieving exosome-mediated immune suppression or eliminating exosome-mediated transfer of messages promoting tumor growth. Some of those strategies are listed below, and they are largely at the pre-clinical stage of development: (a) reducing the yield of extracellular exosomes by interfering with their biogenesis and release; (b) selectively blocking uptake of exosomes by target cells; and (c) interfering with exosome-driven signaling in recipient cells [51, 120] . Exosome biogenesis could be attenuated by e.g., small-molecule inhibitors of enzymes or proteins such as ALIX involved in exosome formation [148] . Exosome secretion can be regulated by controlling intracellular Ca 2+ levels in K562 CML cells [13] or the use of drugs such as dimethyl amilioride (DMA), an inhibitor of Na + /Ca 2+ exchange. DMA was shown to be effective in vivo by inhibiting growth of mouse and human tumors due to its interference with the secretion of immunosuppressive tumor-derived exosomes carrying HSP70 [116] . Also, exosome secretion could potentially be modulated by interfering with functions of the endo-lysosomal compartments in cells via proton pump inhibitors [70] . Uptake of exosomes could also be targeted and potentially attenuated by blocking surface adhesion molecules, for example, phosphatidylserine, ICAM1, cell surface heparin sulfate proteoglycans or of other receptors participating in exosome internalization [31, 105] . Targeting of intracellular signaling pathways activated by exosomes or oncogenes delivered to recipient cells by the use of inhibitory RNAs (RNAi) is being also explored [32] . These and other therapeutic options for ameliorating pathological effects of exosomes are now being considered, with a caveat that many of these strategies may lack specificity required for selective targeting of exosomes without interference with normal cellular functions.
Exosomes can act as adjuvants for anti-tumor immune responses
Tumor or normal cell-derived exosomes can also stimulate anti-tumor immune responses and act as antigen-presenting vesicles capable of delivering TAA to dendritic cells (DCs) [21, 40, 122, 149] . TAA carried by exosomes, which are readily taken up by DCs, could thus be delivered to the antigen-processing machinery (APM), leading to effective presentation of the antigens on the MHC molecules to cognate T cells. The ability of exosomes released by antigen-presenting cells, such as B cells or DC to induce and sustain anti-tumor immune responses has been well documented [124] . However, there is a concern that tumor-derived exosomes might induce immune suppression rather than immune activation by blocking the antigen-processing or -presentation pathways in DCs. Zoller and her colleagues asked whether vaccination with exosomes derived from a mouse myeloid leukemia cell line, WEHI3B, or renal cell carcinoma cell line, RENCA, could lead to the generation of antitumor responses in vaccinated mice. The results showed that DC loaded with TAA from tumor-derived exosomes were superior to DC loaded with tumor lysates in inducing tumorspecific T cells [125] . Tumor-derived exosomes were efficiently taken up by DC, supported expression of CD11b, MHC class II molecules on DC and up-regulated IL-12 production. Further, vaccination with these DC significantly prolonged survival of the mice [125] . In these experiments, tumor-derived exosomes did not induce the suppressive phenotype in DC and served as a better TAA source than tumor lysates due to a better efficacy of antigen processing and presentation by the APM pathway in DC. These and other pre-clinical experiments suggest that tumor-derived exosomes recovered from plasma of cancer patients' might serve as a source of individual (personalized) antigens for DC loading or vaccine production. It has been suggested that immune stimulatory exosomes might serve as adjuvants for anti-tumor vaccines in the future [44, 125] .
The development of exosome-targeted inhibitory or stimulatory therapies is dependent the progress being made in understanding of the exosome biology and their clinical impact. Currently this progress is hampered by insufficient information about most aspects of exosome pathologic, as opposed to homeostatic, activities in disease and health, respectively. Methods for separating normal-cell derived from pathological exosomes and for selective regulation of exosome activities are not yet available. While new data emerge almost daily, it may be premature to contemplate translation of these new insights to the clinic. Nevertheless, in instances when tumor antigen-carrying exosomes are known to bind to therapeutic antibodies and interfere with therapy, as is the case, for example with CD20+ exosomes produced by B-cell lymphoma cells which bind to rituximab [45] , removal of exosomes from plasma using a well-known plasmapheresis platform might be justified [44] . There is a concern, however, that indiscriminate removal of all exosomes may be a doubleedged sword. This introduces a second reason for caution in advancing exosome-targeted therapies; namely, the existence of "good" exosomes which carry information necessary for the host well-being and are critical for physiologically normal responses. Indiscriminate therapeutic interference with these "good" exosomes might have unexpected and harmful consequences.
Conclusions
In the last 10 years, exosomes have emerged as previously unrecognized vehicles for transfer of information between cells. While information shuttling may be the major biological role of exosomes, this mechanism of vesicular communication appears to transcend almost all cellular functions and regulate molecular and genetic signatures of all normal and abnormal cells. Tumor-derived exosomes have been of special interest due to the perception that they not only deliver messages from the tumor to near or distant normal cells but also alter the phenotype and functions of these target cells to promote tumor progression. In the TME, these exosomes directly or indirectly contribute to the tumor welfare. In cancer, the load and the repertoire of circulating exosomes differ from those in healthy donors. Tumor-derived exosomes represent a substantial part of the plasma vesicular content, and their molecular and genetic profiles change in the course of disease or therapy. Their molecular and genetic profiles reflect those found in the parent tumor cells. This provides an opportunity for linking profiles of tumor-derived exosomes with the disease presence, progression and even outcome. Further, through autocrine or paracrine signaling, tumor-derived exosomes regulate all aspects of tumor growth from re-programming of the bone marrow environment and of the tumor stroma, driving neovascularization, cell differentiation migration and survival to orchestrating metastatic tumor spread. It appears that tumor-derived exosomes play a role in the entire process of carcinogenesis and are programmed by tumor cells to promote it. They also inhibit anti-tumor immune responses. Moreover, they horizontally transfer oncogenes and oncogenic proteins or their transcripts from tumor to normal cells. Interestingly, exosomes produced by normal hematopoietic or tissue cells mediate anti-tumor responses and maintain homeostasis. This introduces a need to discriminate between "good' and "bad" exosomes and represents a major challenge for future therapies aiming at silencing tumorderived exosomes. Such future targeting will have to be selective and specific, and much basic and clinical work will be needed before tumor-derived exosomes can enter the field as therapeutic targets or cancer biomarkers. Exosome morphology and the molecular content. In A, transmission electron microscopy (TEM) of tumor-derived exosomes isolated from a tumor cell supernatant, pelleted by ultracentrifugation, embedded in Epon, sectioned and viewed by TEM. Note different sizes of membranous vesicles (courtesy of Dr. Simon Watkins, University of Pittsburgh). In B, the cartoon of an exosome illustrating the presence of a broad variety of molecules on its surface (some of the most common are indicated) and in the vesicle lumen. Exosome uptake by cells. Exosomes may interact with target cells by one of several pathways, which depend on the cargo components they carry and on the presence of the recognizable "address" on the target cell membrane. Following the surface contact or uptake, exosomes transfer proteins and genes to the target cell and re-program its activities. Tumor-derived exosomes and their local and systemic effects. Exosomes alter the tumor microenvironment (TME) and prepare distant tissue sites for metastasis. In the TME, exosomes interact with all cellular components and impact on the stromal, immune as well as vascular compartments. They access tumor-draining lymph nodes, facilitating entry of metastatic cells. They also carry and transfer oncogenes and oncogenic proteins to metastasizing tumor cells. Systemic effects of exosomes at distant tumor sites require that exosomes migrate via the blood or lymph. Once in place, they prepare tissue sites for metastasis or alter/educate the bone marrow (BM) environment, creating a pre-metastatic niche to promote tumor invasion and growth. They re-program mesenchymal stem cells (MSC) as well as progenitor hematopoietic cells. Tumor-derived exosomes interact with vascular endothelial cells (EC) favoring their proliferation, sprouting and the angiotube formation. Exosomes present in the circulation or in body fluids of cancer patients are derived from many different normal and abnormal cells. Exosomes released into the extracellular space are distributed via the blood and lymph to distant body sites. In plasma, for example, tumorderived exosomes represent only a small fraction of total exosome population which derives from normal circulating as well as tissue cells. Pre-conditioning of lymph nodes (LN) or bone marrow (BM) niches by tumor-derived exosomes. These exosomes reach LNs or the BM prior to metastasizing tumor cells and reprogram the local environment to facilitate the entry and "prepare the soil" for tumor cells. Adenosine as a known metastasis-promoting factor. Tumor-derived exosomes carry CD39 and CD73, the ectonucleotidases which catalyze adenosine production in the presence of ATP. The TME is rich in ATP, and the activated CD39/CD73 axis promotes adenosine production. Adenosine induces inhibition of antitumor immune cell functions, promotes angiogenesis and favors metastasis, adenosine is only one of numerous other protumorigenic factors that are regulated by tumor-derived exosomes. Tumor-derived exosomes in drug resistance. Resistance of tumor cells to chemotherapy may be mediated by exosomes. Cisplatin-sensitive tumor cells die and, as a result, levels of tumor-derived exosomes decrease in plasma. In contrast, cisplatin-resistant tumor cells package the drug into exosomes and export large quantities of exosomes out of the cell. Thus, the exosomal content of plasma increases. 
